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Bearing ring blanks of the high-speed rail bearings, machine tool spindle bearings and wind power bearings have been manufactured through the ring rolling technology. Yet, the plastic deformation and microstructure evolution of bearing ring blanks during the cold rolling process remains unclear. In this work, the deformation and damage evaluation of bearing ring blanks made of GCr15 bearing steel are characterized by the electron backscatter diffraction (EBSD) technique. Furthermore, their microstructure changes in cold rolling are investigated through band contrast images, and their texture evolutions after various deformation ratios are analyzed by the technique of 3D-Euler space distribution. This work provides valuable guidelines for enhanced understanding the role of the cold rolling technology on the microstructure evolution of bearing ring blanks.
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1. Introduction
Previously, many studies have been carried out on the microstructure, texture evolution, plastic damage, crystallographic slips, grain orientation, dislocation density of materials under these conditions of tension, compression, cyclic loading, creep, and rolling, etc.. Some studies mainly investigated the microstructure changes of low steels under the various loading conditions. The local deformation, microstructure damage, localization of crystal orientation of type 316 stainless steel were studied by EBSD and scanning electron microscopy (SEM) observations, based on which the correlation of local misorientation with grain boundary length, intergranular crack initiation mechanism, and clustering of crystal defects were revealed after fatigue, tensile, compression, and creep strain tests[3-5]. Choi et al. [6] studied the stored energy of deformed grains of cold rolled low carbon steels using the subgrain method, from which the main texture components having high stored energy were determined. The formation of the low carbon steel surface was investigated adopting atomic force microscopy and EBSD methods, and the effect of the crystallographic orientation on the microscopy of the carbon steels was analyzed [7]. The block/lath width of dislocation substructure for forged 10Cr-1Mo-1W-VNbN steels was observed through EBSD IPF mappings, and Kernal Average Misorientation (KAM) was estimated to analyze the microstructure changes [8]. The microstructure and texture changes after a tensile strain were observed by orientation contrast measurements in a TRIP-assisted steel [9]. The volume fraction of bainite, ferrite and austenite into this steel was determined using the EBSD technique. Moreover, some attentions were draw to the microstructure analysis of the hardmetals. Gee et al. studied the plastic deformation, grain size distribution, and grain refinement of WC/Co hardmetal in the compression fatigue test, and compared the EBSD technique with the conventional methods for the microstructure evolution [10, 11]. The microcrack growth in a WC/Co hardmetal was also studied under controlled application and removal of loads, in which the effect of microstructure and WC grain orientation on the crack path and the degree of plastic deformation was revealed [12]. For the alloy material, the microstructure and texture evolutions in the friction stir welding [13], grain morphology and microtexture in a uniaxial tensile [14], crystal changes and mechanical properties in the gas tungsten arc welding [15] were investigated through SEM and transmission electron microscope (TEM) with EBSD pattern method. Besides, some studies on the grain size distribution, deformation fields, texture components, and hardness of other materials such as martensitic steel [16], casting steels [17], composites [18], ferrite materials [19], and medium carbon steel [20], were also emphasized. However, it should be noted that a majority of the studies above were primarily concentrated on the microstructure, texture evolution, plastic damage, and grain size of various materials under the loading conditions such as tension, compression, cyclic loading, creep, and ring rolling, while little attention was paid to the microstructure evolution mechanism of GCr15 steels during the different loading process despite a little work has been conducted on the microstructure transformation of GCr15 steels due to various techniques such as hot forming [21], shot peening [22], and warm rolling [23]. 
Among the testing methods such as tension, compression, cyclic loading, creep, and cold rolling, cold rolling is an advanced but complicated incremental metal forming technology used to manufacture precise seamless rings. To date, many studies mainly concentrated on the effect of the cold rolling technology on the deformation rule [24], forming defects [25], geometric accuracy [26], and surface integrity [27] of rings, and its technological procedures [28]. However, attentions above were mainly paid to the geometric forming of materials during the cold rolling process, little public literatures concerned the study on the plastic deformation and microstructure evolution of bearing ring blank during the cold rolling process, particularly these such as high-speed rail bearing ring, and wind power bearing ring made of GCr15 steel. Therefore, it is of great importance to study the plastic deformation and microstructure evolution of bearing ring blanks during the cold rolling process.
In this paper, the microstructure evolution and plastic deformation of bearing ring blanks are investigated during the cold rolling process. This experiment is firstly made using the D56G90 CNC ring rolling mill in cold rolling of bearing ring blanks with increasing the outer diameter up to 47.1%. Then, the rolled bearing ring blanks with the different outer diameters are cut to observe their microstructure evolutions and plastic deformations using the EBSD technique, in which the texture evolution in cold rolling is revealed.
2. Materials and methods
The material used to produce the bearing ring blank is GCr15 steel with the chemical compositions, as presented in Table 1. The cold rolling tests are conducted using the D56G90 CNC ring rolling mill in [29]. The obtained rolled rings with different outer diameters are shown in Fig. 1. 
Ring 1 is the original blank with outer diameter of 58 mm, inner diameter of 37 mm, height of 16.5 mm, and thickness of 10.5 mm. The outer diameter of rolled ring 2 is expanded up to 15.9%, and it is enlarged up to 47.1% (closing to the rolling forming limit) for rolled ring 3.




Fig. 1. Rolled rings with different outer diameters: ring 1, 0%; rolled ring 2, 15.9%; rolled ring 3, 47.1%.
The plastic deformation and microstructure evolution of these rolled rings are observed by means of EBSD. The analysis is done using CHANNEL 5 software where band contrast (BC), band slope (BS), and3D-Euler space distribution results achieved through automatic indexing of Kikuchi patterns. 
3. Results and discussion
In Fig. 2, it can be seen that there are some fine equiaxed grains in the matrix of the ring blank. When the second rolled ring is observed by means of EBSD, many low-angle grain boundaries are found in the axial section. For the third ring, the low-angle grain boundaries are further increased with increasing the deformation of the ring blank. According to these appearances, it can be deduced that with increasing the outer diameters of rolled rings, the refined grain size reduces gradually and the low-angle grain boundaries propagate continuously. That is, the smaller the grain size, the more total area of the grain boundary. These increased subgrain boundaries inhibit the occurrence of the dislocation slips so that dislocation pile-ups appear near the grain boundaries, thus needing greater loads to dissipate the dislocation pile-ups to deform grains. Moreover, the strain within refined grains has little differences with that near subgrain boundaries resulting in homogeneous deformation of grains in the matrix. Therefore, cold rolling technology has essential effects on the refined crystalline strengthening for improving the mechanical performance of bearing rings. 
In Fig. 2, carbides in the matrix are indicated using the green. It can be seen that carbides have no obvious change during the cold rolling process. Therefore, carbides are not considered in the subsequent analysis, which is represented using the white.
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Fig. 2. Band contrast image under various outer diameters (grain boundary: > 10° black，5~10° yellow，2~5° red): (a) section of ring blank, (b) axial section of rolled ring 2, (c) axial section of rolled ring 3.
Fig. 3 shows Taylor factor map calculated by the Taylor factor model [30]. The Taylor factor is a first-order approximation for the stored energy induced by plastic deformation of polycrystalline models. The stored energy in the deformed microstructure is theoretically evaluated using the Taylor model with full constraint boundary conditions. The resolved shear stress τs is related to the Cauchy stress tensor σij of the crystal through the following relation [6]:
                                                                   (1)
                                                                    (2)
where the Schmid tensor msij is defined with the component of the unit vector nsj which is normal to the slip plane and the unit vector bsi which is parallel to the slip direction of the slip system s. The deformation of BCC polycrystal is usually modeled by a power law relationship between the shear rate γs and the resolved shear stress τs on each slip system s:
                                                          (3)
where m is the rate sensitivity parameter, τ0 is a reference shear stress and γ0 is a reference shear rate. The stored energy Si, of each lattice site can be expressed to be proportional to the Taylor factor Mi, according to the following relation:
                                                              (4)
where dεeff indicates von Mises strain increment.
From Fig. 3, it can be seen that the Taylor factor exhibits relatively homogeneous distribution in each deformed grain. For the blank ring, the large blue and green areas appear in the section of ring blank, and a few red distributes in the section. This means low deformation energy is stored in the grains of the blank ring. For rolled ring 2, the red area in the axial sections remarkably increase and the blue and green areas disappear. This is because that the plastic deformation occurs in rolled ring 2 so that continuous strain hardening induces the aggregation of deformation energy within grains. Moreover, grains with low Taylor factors next to grains with relatively high Taylor factors are more susceptible to large stress concentrations, which need to further generate plastic deformation to dissipate the concentrated stresses [16]. For rolled ring 3, the Taylor factors of grains are observed to distribute with a range of 2.5-4.0 in the axial sections, and the highest Taylor factor is found to be in most of grains. This suggests that grains store large deformation energy at the high plastic deformation. Furthermore, it can be deduced that grains with high deformation energy can easily generate deformation relative to grains with low high deformation energy at higher stress levels. Therefore, it can be concluded that with increasing the outer diameter in cold rolling, the plastic deformation of rolled rings easily occurs in the later stage of cold rolling relative to that in the initial stage due to the storage of deformation energy within grains, which is in accordance with Hua’s work [31] where he points out that it is feasible to continuously increase the outer diameter to enable the rolled ring to easily plastic forming in cold rolling under the plastic penetrating condition.
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Fig. 3. Spatial distribution of Taylor factor in axial sections under various outer diameters (grain boundary: > 10° black，5~10° blue，2~5° lime green): (a) micro-section of ring blank, (b) axial section of rolled ring 2, (c) axial section of rolled ring 3.
In the axial section, a broad texture orientation distribution is observed in Fig. 4(a), the bearing ring blank contains a Goss {110}<001> component with an intensity of about 10, a {112}<111> component with an intensity of 6, and other weaker components, which means the grain orientation is random in the matrix of the ring blank. For the rolled ring 2, as shown in Fig. 4(b), the texture is composed of strong {001}<110> and near {110}<112> constituent, and other weak constituents. For rolled ring 3, a weaker texture with a maximum intensity of 4 is shown in Fig. 4(c), which is close to the partially γ-fiber (<111>//AD). Comparing Fig. 4(b) and (c) with Fig. 4(a), it can be deduced that with reducing the thickness, the texture is gradually diffused in the axial direction until no obvious texture exists within the matrix, which is related with the metal flow direction. 
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Fig. 4. Texture in the 3D-Euler space in axial section of rolled ring at various outer diameter increments: (a) rolled ring 1, (b) rolled ring 2, (c) rolled ring 3.
4. Conclusions
(1) cold rolling technology has essential effects on the refined crystalline strengthening for improving the mechanical performance of bearing rings. Moreover, carbides have no obvious change during the cold rolling process.
(2) With increasing the outer diameter in cold rolling, the plastic deformation of rolled rings easily occurs in the later stage of cold rolling relative to that in the initial stage due to the storage of deformation energy within grains.
(3) With reducing the thickness, the texture is gradually diffused in the axial direction until no obvious texture exists within the matrix, which is related with the metal flow direction. 
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